ABSTRACT: Within the accompanying paper in this issue (Reger et al. (2008) Biochemistry, 47, 8016-8025) we reported the X-ray structure of 4-chlorobenzoate:CoA ligase (CBL) bound with 4-chlorobenzoyladenylate (4-CB-AMP) and the X-ray structure of CBL bound with 4-chlorophenacyl-CoA (4-CP-CoA) (an inert analogue of the product 4-chlorobenzoyl-coenzyme A (4-CB-CoA)) and AMP. These structures defined two CBL conformational states. In conformation 1, CBL is poised to catalyze the adenylation of 4-chlorobenzoate (4-CB) with ATP (partial reaction 1), and in conformation 2, CBL is poised to catalyze the formation of 4-CB-CoA from 4-CB-AMP and CoA (partial reaction 2). These two structures showed that, by switching from conformation 1 to conformation 2, the cap domain rotates about the domain linker and thereby changes its interface with the N-terminal domain. The present work was carried out to determine the contributions made by each of the active site residues in substrate/cofactor binding and catalysis, and also to test the role of domain alternation in catalysis. In this paper, we report the results of steady-state kinetic and transient state kinetic analysis of wild-type CBL and of a series of site-directed CBL active site mutants. The major findings are as follows. First, wild-type CBL is activated by Mg 2+ (a 12-75-fold increase in activity is observed depending on assay conditions) and its kinetic mechanism (ping-pong) supports the structure-derived prediction that PP i dissociation must precede the switch from conformation 1 to conformation 2 and therefore CoA binding. Also, transient kinetic analysis of wildtype CBL identified the rate-limiting step of the catalyzed reaction as one that follows the formation of 4-CB-CoA (viz. CBL conformational change and/or product dissociation). The single turnover rate of 4-CB and ATP to form 4-CB-AMP and PP i (k ) 300 s -1 ) is not affected by the presence of CoA, and it is ∼3-fold faster than the turnover rate of 4-CB-AMP and CoA to form 4-CB-CoA and AMP (k ) 120 s -1 ). Second, the active site mutants screened via steady-state kinetic analysis were ranked based on the degree of reduction observed in any one of the substrate k cat /K m values, and those scoring higher than a 50-fold reduction in k cat /K m value were selected for further evaluation via transient state kinetic analysis. The single-turnover time courses, measured for the first partial reaction, and then for the full reaction, were analyzed to define the microscopic rate constants for the adenylation reaction and the thioesterification reaction. On the basis of our findings we propose a catalytic mechanism that centers on a small group of key residues (some of which serve in more than one role) and that includes several residues that function in domain alternation.
In biological systems, carboxylic acids are converted to thioesters, oxygen esters, and amides though a chemical pathway that involves adenylation or phosphorylation of the carboxylic acid reactant by ATP, followed by displacement of the adenylate or phosphate leaving group by the thiol, alcohol or amine coreactant. The enzymes that catalyze such reactions are known as ligases or synthetases. One very large ligase enzyme superfamily (6721 sequence members) is the adenylate-forming family: PFAM00501. Members of this family include firefly luciferase, numerous acyl-CoA synthetases, and the adenylation domains of nonribosomal peptide synthetases (NRPS) (1) (2) (3) . The catalytic function common to all members of this enzyme family is the conversion of the substrate carboxylate group to a mixed anhydride via a reaction in which ATP serves as the donor of the adenyl group. The acyl-adenylate formed by luciferase undergoes reaction with molecular oxygen, whereas the acylCoA synthetases (also known as acid:CoA ligases) catalyze acyl transfer from the acyl-adenylate to the thiol of CoA. The NRPS domains catalyze acyl transfer to the thiol of the pantethiene cofactor that is attached to a peptidyl carrier domain. 1 Despite the differences in the second partial reactions catalyzed by the enzymes of these three functional subclasses, a two-domain architecture is conserved wherein a large N-terminal core domain is connected to a small C-terminal cap domain by a solvated peptide linker. The active site is formed at the domain-domain interface. X-ray structures of adenylate-forming family members reported to date (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) evidence the movement of the C-terminal domain through rotation about a hinge region of the solvated linker. This conformational change, termed "domain alternation" (first used to describe the domain motion in the B12-dependent methionine synthase (15) ), is thought to play an essential role in the catalysis by acetyl-CoA synthetase (4, 5) and by 4-chlorobenzoate:CoA ligase (CBL) (9) , the topic of this paper.
CBL catalysis proceeds via the two partial reactions shown in Figure 1 (16) . In the accompanying paper in this issue (17) we report the X-ray structure of CBL bound with 4-chlorobenzoyl-adenylate (4-CB-AMP) and the X-ray structure of CBL bound with 4-chlorophenacyl-CoA (4-CP-CoA) (an inert analog of the product 4-chlorobenzoyl-coenzyme A (4-CB-CoA)) and AMP. These structures define two CBL conformational states. In conformation 1, CBL is poised to catalyze the adenylation of 4-chlorobenzoate (4-CB) with ATP (partial reaction 1) and in conformation 2 CBL is poised to catalyze the formation of 4-CB-CoA from 4-CB-AMP and CoA (partial reaction 2). The structures show that in switching from conformation 1 to conformation 2, the cap domain rotates about the domain linker and in doing so it changes its interface with the N-terminal domain. In Figure  2 we show the orientation of the C-terminal domain as it is observed in the structure of the CBL(4-CB-AMP) complex (conformer 1) (Figure 2A ,B) and the orientation of the C-terminal domain as it is observed in the structure of the CBL(4-CP-CoA) (AMP) complex (conformer 2) ( Figure  2C ,D). The region of the C-terminal domain (pink) that interfaces with the N-terminal domain (pastel green) in conformer 1 is colored red, and that which interacts with the N-terminal domain in conformer 2 is colored dark green, in order to illustrate the change in the configuration of the active site that occurs when CBL changes from one conformation to the other.
The present work was carried out to determine the contributions made by each of the active site residues (identified through the CBL structure determinations) in the catalysis of the individual partial reactions. The objective was 2-fold: to define the CBL catalytic mechanism and to determine the role of domain alternation in catalysis. In the text below, we report the results from steady-state and transient state kinetic studies of wild-type CBL and of a series of CBL active site site-directed mutants.
MATERIALS AND METHODS
General. All chemicals were purchased from SigmaAldrich (St. Louis, MO) except where mentioned. 14 CLabeled 4-chlorobenzoate (specific activity 50-60 mCi/ mmol) was obtained from American Radiolabeled Chemicals, Inc. (St. Lous, MO). Custom-synthesized PCR primers were purchased from Invitrogen (Carlsbad, CA) as were the restriction enzymes, the pfu polymerase, and the T4 DNA ligase. Competent Escherichia coli cells (JM109) were obtained from Stratagene (Cedar Creek, TX) and the pQE-70 vector was purchased from QIAGEN (Valencio, CA). DNA sequence analysis was carried out at the DNA Sequencing Facility of the University of New Mexico. SDS-PAGE analysis was performed with a 12% acrylamide running gel and a 3% stacking gel (37.5:1 acrylamide/ biacryamide ratio) (Bio-Rad, Hercules, CA).
Preparation of Wild-Type and Mutant CBL. The Histagged wild-type CBL was prepared as described in ref 18. The CBL mutant genes were prepared by PCR by using the SphI-BglII-pQE-70-CBL clone (18) and commercial primers. The purified PCR product was digested with SphI and BglII (Invitrogen) and ligated to SphI and BglII digested SphIBglII-pQE-70-CBL. The gene sequence was verified by DNA sequencing. A single colony of E. coli JM109 cells containing the plasmid SphI-BglII-pQE-70-CBL was used to inoculate 10 mL of LB medium containing 50 µg/mL ampicillin at 37°C and 250 RPM. The 10 mL culture was then used to inoculate 10 L of fresh LB medium containing 50 µg/mL ampicillin, and the culture was grown at 20°C with shaking at 200 RPM. After 26 h (O.D. ∼0.7 at 600 nm) IPTG was added to a final concentration of 1 mM. The mixture was incubated at 20°C and 200 RPM for 10 h, before harvesting (17) . In panels A and C, the N-terminal domain is shown in yellow and the C-terminal domain is shown in pink. The surface surrounding residues 490 through 493, which contain the Lys492 residue (disordered beyond Cb) is shown in dark red. These residues are shown in stick formation through the transparent surface. Residues contributing to the active site in conformation 2 are shown in green: Trp440, Phe473, and the A8 loop from Ser407 to Glu410. In panels B and D, the same regions are depicted with stick representation of the side chains. The loops are colored as in A and C, with residues 490-493 shown in red and the Trp440, Phe473, and the A8 loop (Gly399-Gly407) shown in green. Note that in panel C, the A8 loop is not shown in stick format for clarity, however the surface of these residues are colored green. The hinge residue Asp402 is colored blue.
the cells by centrifugation at 5000 × g for 15 min. The 10 g of wet cells were suspended in 100 mL of lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 10 mM imidazole, 1 mM DTT) containing 10 µL 0.1 mM protease inhibitor PMSF. The cell suspension was passed through a French press at 1200 PSIG and then centrifuged at 48000 × g and 4°C for 30 min. The supernatant was loaded onto a Ni-NTA Agarose column (QIAGEN, 25 mL), which had been pre-equilibrated with the lysis buffer. The column was eluted with 500 mL of wash buffer (50 mM NaH 2 PO 4 , pH 8.0, 50 mM imidazole, 1 mM DTT) and then eluted with 200 mL of elution buffer (50 mM NaH 2 PO 4 , pH 8.0, 250 mM imidazole, 1 mM DTT). The protein was dialyzed for 3 h against three changes of 1.5 L 50 mM K + HEPES buffer (pH 7.5) containing 1 mM DTT. The protein purity was verified by SDS-PAGE analysis. The protein concentration was measured by using the Bradford method (19) and by measuring the protein solution absorbance at 280 nm (ε ) 27760 M -1 cm -1
). The yields of the CBL mutants ranged from 1 to 7 mg of protein/g of wet cell.
Determination of the Kinetic Mechanism of Wild-Type CBL. The initial velocities were measured for a series of reaction solutions in which the concentration of one substrate (4-methylbenzoate, ATP or CoA) was varied in the presence of different concentrations of a second substrate, while the concentration of the third substrate was held constant at saturating concentration. The reactions were initiated with 0.01 µM wild-type CBL and monitored by using the coupled assay that detects the formation of AMP through the sequential activities of adenylate kinase, pyruvate kinase, and lactate dehydrogenase. The 1 mL solutions initially contained 15 mM MgCl 2 , 200 µM NADH, 3 mM PEP, 5 mM KCl, 11 U adenylate kinase (EC 2.7.4.3), 9 U pyruvate kinase (EC 2.7.1.40) and 9 U lactate dehydrogenase (EC 1.1.1.27) in 50 mM K + HEPES (pH 7.5, 25°C). The decrease in absorbance at 340 nm resulting from the oxidation of two molecules of NADH per molecule of AMP formed was monitored.
The kinetic data were fitted to eqs 1 or 2 using Kaleidagraph,
where V is the initial velocity, V max is the maximum velocity, ). Initial velocity data were analyzed using the program KinetAsyst II (IntelliKinetics, State College, PA) and the equation for competitive inhibition (eq 3), noncompetitive inhibition (eq 4) or uncompetitive inhibition (eq 5).
In these equations, V is the initial velocity, K m is Michaelis constant of the substrate, K ii is the intercept inhibition constant, K is is the slope inhibition constant, V m is maximal velocity, and I and S represent the inhibitor and substrate concentrations in the reaction mixture, respectively. Steady-State Kinetic Constant Determination for CBL Mutants. The CBL activity was measured at 25°C by using a direct continuous spectrophotometric assay (9) wherein the increase in the absorbance of the 1 mL reaction solution resulting from the conversion of 4-chlorobenzoate to 4-chlorobenzoyl-CoA was monitored at 300 nm (∆ε ) 2.5 mM -1 cm 
where V is the initial velocity, V m the maximum velocity, [S] the substrate concentration, K m the Michaelis constant. The k cat was calculated from the ratio of V m and enzyme concentration. Transient-State Kinetics. Single turnover reactions were carried out at 25°C using a KinTek rapid quench instrument to mix 13 µL of 60 µM wild-type or mutant CBL in 50 mM K + HEPES (pH 7.5) with 14 µL of 16 µM [ by HPLC and quantitated by liquid scintillation counting as described previously (16, 20) . The rate constants observed for the single-turnover reactions were fitted with the firstorder eqs 7 or 8 using Kaleidagraph.
where k is the first-order rate constant; [S] t and [P] t are the substrate and product concentrations at time "t", respectively. The rate data collected from the single-turnover reaction with CoA were fitted to a specific kinetic model by using the KINSIM (21) . The time course for the multiple turnover reaction catalyzed by wild-type CBL was measured for a reaction solution initially containing 10 µM CBL, 40 µM [ 14 C]4-chlorobenzoate, 500 µM ATP, 500 µM CoA and 12 mM MgCl 2 in 50 mM K + HEPES (pH 7.5). The data were fitted to eq 9 using the program Kaleidagraph.
where P t and P 0 are the concentration of the product at time t and zero, E is the final concentration of enzyme active sites, k 1 and k 2 are rate constants of the fast and slow reaction steps in the reaction pathway; k is the first-order rate constant, [S] t is the substrate concentration at time "t".
RESULTS AND DISCUSSION

Mg
2+
Dependence of CBL Catalysis. The structure of CBL crystallized in the presence of ATP and 4-chlorobenzoate (4-CB) revealed a 4-CB-AMP ligand bound at the active site of conformer 1 (17) . This suggested that in the absence of added Mg 2+ catalytic turnover occurs. The rate of the CBL (11 nM) catalyzed reaction between ATP (3.5 mM), 4-CB (1 mM) and CoA (1 mM) in 50 mM K + HEPES (pH 7.5, 25°C) measured in the presence of 15 mM MgCl 2 is 0.11 µM s -1 and that measured in the absence of added MgCl 2 is 0.009 µM s -1 . Thus, the Mg 2+ increases the steady-state rate by a factor of 12. This increase in the turnover rate is comparable to the 15-fold increase in specific activity observed for the propionyl-CoA synthetase from Salmonella typhimurium (22) . A more limited effect has been observed in two additional family enzymes: Mg 2+ addition resulted in a 2-fold increase in specific activity of the phenylacetate: CoA ligase from Pseudomonas putida (23) and a 6-fold increase in activity in the O-succinylbenzoyl-CoA synthetase of E. coli (24) .
The time course for the single turnover reaction of 30 µM CBL, 15 µM [ 14 C]4-CB and 1 mM ATP in 50 mM K + HEPES (pH 7.5, 25°C) was measured (see Materials and Methods for details) in the presence and absence of 15 mM MgCl 2 to define the apparent first order rate constants equal to 300 and 4 s -1 , respectively. Thus, the added Mg 2+ increased the rate of 4-CB-AMP formation 75-fold. We conclude that Mg 2+ is a required cofactor for CBL catalysis. The low activity observed in the absence of added MgCl 2 might be attributed to trace contamination of the reaction solution.
The structure of a medium chain acyl-CoA synthetase bound to MgATP was recently deposited in the PDB by the Toronto Structural Genomics Consortium (E. S. Pilka et al., unpublished, PDB accession number 3C5E) to reveal for the first time the Mg 2+ coordination geometry in a productive complex. This structure shows that the Mg 2+ is coordinated to the ATP -and γ-phosphates, and that the Mg 2+ binds to the equivalent of CBL residue Glu308 via a water ligand. Glu308 is stringently conserved among CBLs and is required for efficient catalysis as evidenced by the reduction in activity observed for the Gln mutant of CBL from Pseudomonas sp. strain CBS3 (20) . Because the Mg 2+ coordinates to the ATP and not to the ligase, we presume that it enters the active site coordinated with the ATP and following catalytic turnover departs the active site coordinated with the PP i .
The CBL Kinetic Mechanism. The CBL catalyzed conversion of 4-CB to 4-CB-CoA requires that the 4-chlorobenzoate displaces PP i from the R-P of ATP, and that CoA then displaces AMP from the 4-CB-AMP intermediate ( Figure  1 ). There is no indication from the CBL structures reported in the previous paper that the substrate binding sites are overlapping. Thus, a sequential kinetic mechanism in which all three reactants bind to the enzyme prior to product formation may be anticipated. Yet in the previous paper (17) we have provided structural evidence that the C-terminal domain, which adopts conformation 1 for the reaction of ATP with 4-chlorobenzoate, must rotate 140°to conformation 2 in order to catalyze the thioesterification reaction (see Figure  2 ). As will be detailed later in the text, the CoA binding site is obstructed (by His207) in conformation 1 and the switch from conformation 1 to 2 requires the dissociation of PP i (in order to vacate the site for Asn411). This sequence of events may be best represented by a ping-pong kinetic mechanism. Experimentally, the ping-pong and sequential mechanisms are distinguished by the patterns of the double reciprocal initial velocity plots. Accordingly, the initial velocity of (Mg 2+ activated) CBL catalyzed conversion of 4-methylbenzoate 2 , ATP, and CoA to PP i , 4-methylbenzoyl-CoA (4-MB-CoA), and AMP was measured as a function of substrate concentration. The concentrations of two substrates were varied and the concentration of the third substrate was held constant. The double reciprocal plots of the initial velocity data are presented in Figure 3 . Two of the plots ( Figure 3A ,B) define parallel lines whereas the third ( Figure 3C ) defines intersecting lines. These results show that whereas ATP and 4-chlorobenzoate bind to enzyme forms that are reversibly connected, CoA and ATP or CoA and 4-chlorobenzoate do not. The irreversible step is the result of PP i dissociation prior to CoA binding. We conclude that CBL catalysis occurs via the Bi Uni Uni Bi ping-pong kinetic mechanism shown in Figure 4 . "Ping-pong kinetics" have also been reported for malonyl-CoA synthetase (25) , acyl-CoA synthetases (26, 27) , and propionyl-CoA synthetase (22) . µM ATP, 500 µM CoA and 12 mM MgCl 2 in 50 mM K + HEPES (pH 7.5). The time course displays an obvious burst of ∼10 µM 4-CB-CoA followed by a slower, steadystate rate of 4-CB-CoA formation ( Figure 5 ). This result indicates fast transformation of the enzyme-substrate complex to the enzyme-product complex (k 1 ) followed by a comparatively slower rate of regeneration of the catalytically active form of the enzyme (k 2 ). The rate data were fitted to eq 9 to give k 1 for the burst phase as 60 ( 10 s -1 and k 2 ) 10.2 ( 0.7 s -1 for subsequent turnovers. The k 2 is in accordance with the k cat (12 s ) of the wild-type CBL catalyzed reaction. Slow 4-CB-CoA release and/or the switch from conformation 2 to conformation 1 ( Figure 2 ) might therefore, be the rate-determining step of CBL catalysis.
Inspection of the surfaces of the CBL complex of 4-CB-AMP in conformation 1 and of the 4-chlorophenacyl-CoA (4-CP-CoA) in conformation 2 ( Figure 2) suggests that the dissociation of the product ligands AMP and 4-CB-CoA may not occur from conformation 2 because they are buried. In particular, the greater solvent exposure of the AMP in conformation 1 would facilitate its dissociation and thus, a probable scenario is one in which the second chemical step is followed by a conformational change that is required for the dissociation of both products.
Dead-End and Product Inhibition of CBL Catalysis. The ATP analogs AMPPNP and AMPCPP were tested as inhibitors vs ATP (200 µM CoA and 20 µM 4-methylbenzoate) and surprisingly no inhibition was observed at the K m level of ATP and 5 mM inhibitor (nor are these analogs CBL substrates). AMPPNP and AMPCPP were also tested as inhibitors of the Salmonella acetyl-CoA synthetase with the same result. The weak binding may account for why attempts to obtain crystals of these two enzymes with a bound AMPPNP or AMPCPP ligand have failed, yet the reason why these enzymes discriminate against these analogs is unclear. In particular, the structure of the CBL(4-CB-AMP) complex shows multiple binding interactions between the AMP unit and the residues that line its binding pocket (see discussion below). In addition, the structure of the human medium chain acyl-CoA synthetase bound with MgATP (PDB accession code 3C5E) shows that a P-loop (conserved in the family) binds the ATP γ-phosphate and that the Mg 2+ cofactor binds the ATP -and γ-phosphates. In the present work we have found that CBL binds both AMP and PP i with reasonable affinity. Specifically, AMP is a noncompetitive inhibitor vs ATP: Figure SI1C ). The only explanation for the weak CBL binding of AMPCPP and AMPPNP that we can offer at this time is that substitution of a bridge oxygen atom with "CH 2 " or "NH" alters the conformation of the tripolyphosphate chain to the extent that favorable interactions with the CBL P-loop (residues 161-166) and/or the Mg 2+ cofactor are precluded.
The product analog 4-chlorophenacyl-CoA (4-CP-CoA), used in the structure determination of CBL in conformation 2 (17) , was tested as a dead-end inhibitor vs CoA (200 µM ATP, 20 µM 4-methylbenzoate) and vs 4-methylbenzoate (300 µM CoA, 200 µM ATP) in order to assess its binding affinity. In both cases noncompetitive inhibition was observed to define K is ) 21 ( 8 µM and K ii ) 25 ( 3 µM and K is ) 30 ( 8 µM and K ii ) 24 ( 2 µM, respectively (Supporting Information, Figures SI1D and SI1E ). The closely related analog 4-chlorobenzyl-CoA (wherein the benzoyl CdO is replaced with CH 2 ) was also found to be a noncompetitive inhibitor vs CoA and Figure 6A -C), yet they do not define the contribution of the suggested interaction to the catalytic efficiency. Here we report the results of the steadystate kinetic analyses of CBL active site mutants. The goal of this kinetic study is to distinguish between residues that are playing spectator roles in catalysis (i.e., are close enough to interact with the reactant but do not significantly reduce the energy barrier) from those whose participation is required. The residues that surround the 4-CB reactant are shown in Figure 6A . The 4-CB chlorinated ring fits snuggly in a hydrophobic pocket. In previous work we explored the contributions made by the binding pocket residues (18) . The 4-CB carboxylate group projects outside of the hydrophobic pocket where it is close to, but not within interaction distance of, the side chains of stringently conserved CBL residues Lys492 and His207. Because both of these residues are mobile, the still picture provided by the crystal structure may not show these residues in the exact location that they occupy during catalytic turnover. Specifically, the His207 side chain is seen in a rotomer conformation in CBL conformer 1 ( 1 ) -166°, Figure 6A ,B) that is different from the rotomer conformation observed in CBL conformer 2 ( 1 ) -60°, Figure 6C ). The His207 imidazole ring N3 atom is located 3.7 Å away from the carboxylate group of 4-CB in the CBL(4-CB) structure yet is observed to form a hydrogen bond with the scissile ester oxygen atom of the 4-CB-AMP ligand in the CBL(4-CB-AMP) structure. This latter structure suggests that His207 interacts with the 4-CB carboxylate group during catalysis of the first partial reaction. The His207 side chain conformation observed in conformer 1 places the His207 ring in the path of the CoA pantetheine arm. Therefore, in order for CoA to bind to CBL, the His207 side chain must move, which it does when CBL conformer 1 switches to conformer 2 (see Figure 6D) . The H207A mutant 4-CB k cat /K m value is reduced 500-fold whereas the ATP and CoA k cat /K m values are not as greatly reduced.
Lys492 is stringently conserved within the family. Structural data and mutagenesis data reported for several family members evidence a required role for the Lys in binding the substrate carboxylate group (28), surfactin synthetase (29), propionyl-CoA (22) , and acetyl-CoA synthetase (5). Figure  2 depicts the movement of Lys492 between the active site and the solvent as CBL switches between conformation 1 and conformation 2. In conformation 1 the Lys492 ammonium group is not quite close enough to the 4-CB carboxylate group for ion pair formation ( Figure 6A ). We have noted (6) however, that the CBL structures depict a slightly more "open" domain-domain interface for conformation 1 than has been observed in the structures of other family members. Indeed, only a slight rotation of the CBL Cterminal domain is needed to correctly position the Lys492 for interaction with the 4-CB carboxylate group. From inspection of Table 1 , it is evident that the replacement of the Lys492 in CBL with Arg, Leu, or Ala has the greatest impact on the 4-CB k cat /K m value (300, 2000, and 500-fold reduction, respectively). This is consistent with the interaction of Lys492 with the 4-CB carboxylate group during catalytic turnover. This interaction might also be important for stabilizing the enzyme in conformation 1 long enough for catalysis of the first partial reaction to occur. Once the 4-CB-AMP product is formed (thereby destroying the original ion pair) the C-terminal domain may freely rotate to form conformation 2.
The side chain of Thr307 is seen in the CBL(4-CB-AMP) structure to engage in a hydrogen bond interaction with one of the oxygen atoms of the nucleotide R-phosphate ( Figure  6B ). The corresponding Thr (T326, T327, T416, and T472, respectively) is observed in crystal structures of PheA, ttLC-FACS and the acetyl CoA synthetases from Salmonella enterica and yeast to engage in hydrogen bond formation with the R-phosphate of AMP. The Thr307 is replaced with Ser in two CBLs, however the hydroxyl group is preserved. The Thr homologue is also observed in other family members with the exception of DhbE, which has an Ala at the corresponding position. The mutation of this Thr (T307) in firefly luciferase (T343) to alanine (30) was shown to reduce the turnover rate 120-fold. Replacement of CBL Thr307 with Ala resulted in a significant (100-fold) reduction in the 4-CB k cat /K m value with a comparably smaller impact on the ATP (20-fold reduction) and CoA (2-fold reduction) k cat /K m values.
Thr161, which is the first residue of the conserved "Ploop" (see below), is suggested by the CBL(4-CB-AMP) structure to engage in a hydrogen bond interaction with one of the oxygen atoms of the nucleotide R-phosphate ( Figure  6B) . Furthermore, the structure of the human medium chain acyl-CoA synthetase(MgATP) complex (PDB accession number 3C5E) demonstrates numerous interactions between the P-loop and the ATP γ-phosphate which include the main chain amides of the counter parts to CBL residues Gly163 and Thr165, and the side chain hydroxyls of the counter parts to P-loop residues Thr161 and Thr165. The replacement of CBL Thr161 with Ala resulted in a large decrease in the ATP and 4-CB k cat /K m values and a comparatively small decrease in the CoA k cat /K m value (Table 1) . In previous work (20) , kinetic analysis of Pseudomonas sp. strain CBS3 CBL P-loop mutants G163I, G166I and P168A evidenced the important role of the P-loop in catalysis of the first partial reaction.
The residues that interact with the adenosine unit of the CBL bound 4-CB-AMP ligand ( Figure 6B ) include Asn302 (forms a hydrogen bond with the C(6)NH 2 ) and Tyr304 (stacks against the adenine ring), Arg400 (forms a hydrogen bond with the 2′-hydroxyl group of the ribose ring) and Asp385 (forms a hydrogen bond with the 2′-hydroxyl group of the ribose ring). Asn302 (replaced by Asp in some CBLs), Tyr304 (stringently conserved among CBLs) and Asp385 (replaced by Ala in one CBL) are located on the N-terminal domain whereas Arg400 (stringently conserved among CBLs) immediately precedes the domain-domain linker "hinge region" (defined by the blue colored Asp402 in Figure  2B ,D). Replacement of Tyr304 with Phe conserves the potential for ring stacking with the adenine ring in the Y304F mutant, which is notably, fully active (Table 1 ). In contrast, Y304A CBL failed to fold properly as indicated by its formation of an inclusion body. The N302A mutant is only 10-fold less active than wild-type CBL which indicates that the hydrogen bond with the C(6)NH 2 does not contribute significantly to catalysis. The ATP and 4-CB k cat /K m values are significantly reduced (500-fold) in the D385A mutant whereas the CoA k cat /K m value is not. The k cat /K m values for 4-CB, ATP and CoA are significantly reduced in the R400A mutant.
The residues that surround the CoA ligand ( Figure 6C ) include Met203, Thr251, His254, Gly408, Gly409, Ser407, Phe473, Trp440, Arg475, Lys477, Arg439, and Arg87. Met203, Thr251, His254, Gly408, and Gly409. In the case of Gly408 and Gly409 of the A8 loop (shown as the green "stick" region in Figure 2B ) hydrogen bond formation takes place between the main chain carbonyls and the amide NHs of the CoA pantetheine 4-CP-CoA ligand. The two corresponding residues in the Salmonella acetyl-CoA synthetase S523 and G524 play similar roles. In the case of acetylCoA synthetase, the G524L mutant catalyzes the adenylation reaction but not the thioesterification reaction (5). Unfortunately, mutation of the CBL Gly409 to Leu (the create the CBL homologue to the Salmonella acetyl-CoA synthetase G524L mutant) resulted in insoluble protein. The G408A CBL mutant was, however successfully prepared and shown to have only modest reductions in the k cat /K m values (Table  1) . However, this is not surprising given that it is the Gly408 backbone CdO that binds the CoA and that the additional steric bulk provided by the methyl side chain of the Ala mutant may be too small perturb this interaction. The side chains of Met203, Thr251 and His254 that line the "pantetheine tunnel" ( Figure 2D ) do not directly interact with the ligand, nor do they make a significant contribution to the catalytic efficiency ( Table 1) .
The side chain of Ser407 is within hydrogen bond forming distance of the CoA C(6)NH 2 whereas the Phe473 and Trp440 line the shallow hydrophobic crevice which accommodates the CoA adenine ring. Ser407 is conservatively replaced by Thr in some CBLs whereas Phe473 and Trp440 are stringently conserved. The corresponding Ala mutants display a 600-fold reduction in the CoA k cat /K m value, and comparatively small reductions in the 4-CB and ATP k cat / K m values. The charged groups observed in the crystal structure of the CBL(4-CP-CoA) complex to interact with CoA are the side chains of Arg475 (forms an ion pair with the CoA 3′-phosphate), Lys477 (forms a hydrogen bond with the CoA adenine ring N3), Arg439 (located near the CoA -phosphate), and Arg87 (forms an ion pair with the CoA R-phosphate) ( Figure 6C ). It is striking that the substitution of each of the residues with Ala has an insignificant impact on the catalytic efficiency of CBL (Table 1) . On the other hand, the interactions are occurring at the protein surface (see Figure 2C,D) and therefore, in a water solvent environment. Weak binding of the nucleotide unit of CoA at the protein-solvent interface has been noted for enzymes that act on acyl-CoA substrates (31) (32) .
Perhaps the most interesting residue found in the vicinity of the CoA is Glu410. This residue, which is stringently conserved among CBLs, does not interact with the ligand in the CBL(4-CB-AMP) structure nor in the CBL(4-CP-CoA) structure but it does bind the His207 side chain in the CBL(4-CP-CoA) structure (conformation 2) (see Figure 6D ). The E410A mutant experiences a 1000-fold reduction in the CoA k cat /K m value and comparatively small decreases in the 4-CB and ATP k cat /K m values.
The residues thus identified as making significant contributions to CBL catalytic efficiency were subjected to further investigation for the purpose of defining their participation in one, or both of the two partial reactions. These experiments are described in the following section. Figure 7A . The data were fitted to a single exponential to define an apparent first order rate constant k obs ) 270 ( 10 s -1 . The process was repeated using double the concentration of CBL (60 µM) to define k obs ) 330 ( 60 s -1
A Dissection of the Contributions of the ActiVe Site Residues to Catalysis of the
. The observation that the rate is independent of the CBL concentration indicates that, under the conditions employed to measure the single turnover rates, substrate binding is not rate limiting. Thus, the value of k obs defines the rate at which CBL(4-CB)(ATP) converts to CBL(4-CB-AMP)(PP i ). The ratio of the [ 14 C]4-CB-AMP and [ 14 C]4-CB observed at the completion of the single turnover reaction is an approximation of the internal equilibrium constant int K eq ) CBL(4-CB-AMP)(PP i )/CBL(4-CB)(ATP). The time course measured for wild-type CBL suggests that int K eq is greater than or equal to 10.
Second, the single turnover reactions of [ 14 C]4-CB, ATP and CoA were carried out under the same conditions used for analysis of the first partial reaction, except that CoA was included at a saturating concentration. The time courses for (Figure 7B ). These microscopic rate constants defined by the time course simulations are reported in Table 3 , along with the percent The rate data measured for the full reaction were fitted to the kinetic model shown in Scheme 1 using KINSIM (21) . The microscopic rate constants are reported in Table 2 Table  2 . The time courses for the full reaction are shown in Figure  7C -G (for K492A CBL and W440A CBL for illustration of a time course dominated by a rate limiting first partial reaction and a time course dominated by a rate limiting second partial reaction, respectively) and in Figure SI3 Table 3 .
The suggested catalytic role of Lys492 is to bind the 4-CB carboxylate group. The K492A CBL mutant is severely impaired in catalysis of the first partial reaction. The [ 14 C]4-CB-AMP does not accumulate in the full reaction and therefore the rate constant for the second partial reaction cannot be defined by the computer based data simulations beyond: k 2 > k 1 . The single turnover time course for the K492A CBL catalysis of the first partial reaction is shown in Figure 7C and the time course for the full reaction is shown in Figure 7D .
Thr307 forms a hydrogen bond with the 4-CB-AMP R-phosphate ( Figure 6B ), an interaction that is shown by the transient kinetic data to be more important to the first partial reaction (100-fold reduction in k 1 ) than to the second (∼10-fold reduction in k 2 ) ( Table 3) . Like Thr307, Thr161 is observed to form a hydrogen bond to the 4-CB-AMP R-phosphate in the CBL(4-CB-AMP) structure ( Figure 6B ), yet whereas the T307A CBL mutant experiences a 60-fold reduction in the k obs of the first partial reaction, the T161A mutant experiences a 4000-fold reduction in k obs ( Table 2) . The difference in Thr307 and Thr161 contribution is consistent with an additional role played by the Thr161 (suggested by the position of the Thr161 counterpart in the structure of the human medium chain acyl-CoA synthetase(MgATP) complex) which is to bind the ATP γ-phosphate in the CBL(ATP)(4-CB) complex. The [ 14 C]4-CB-AMP does not accumulate during the single turnover of ATP, 4-CB and CoA and thus the rate constant for the second partial reaction cannot be defined by the computer based data simulations beyond: k 2 > k 1 .
Asp385 and Arg400 each form a hydrogen bond with the AMP 2′-hydroxyl group in the CBL(4-CB-AMP) and CBL(4-CP-CoA)(AMP) structures ( Figure 6B,C) . These interactions may be required for both partial reactions. Indeed, both reactions are impaired in D385A CBL, however k 1 is reduced (400-fold) to greater extent than is k 2 (∼20-fold). The k 1 is reduced 300-fold in the R400A mutant and the k 2 is reduced 100-fold. The 10-fold greater reduction observed in the R400A CBL k 2 vs the D385A CBL k 2 is consistent with the additional role that the Arg400 side chain assumes in catalysis which is stabilization of conformation 2 via ion pair formation with linker residue Asp402 (see Figure 6E ).
The near equal reduction in k 1 (100-fold) and k 2 (150-fold) observed for H207A CBL is consistent with the suggested roles of the His207 side chain in binding the 4-CB carboxylate in the first partial reaction and stabilization of conformation 2 in the second partial reaction.
Residues thought to function only in the second partial reaction are W440, F473 and Glu410. In conformation 1 W440 and F473 are located on the solvated surface of the C-terminal domain whereas in conformation 2 these residues form the hydrophobic binding site for the CoA adenine ring (see green colored "stick" residues in Figure  2 ). In conformation 1, the Glu410 side chain is solvated, and in conformation 2 it enters the active site and forms a hydrogen bond with the His207 side chain, thereby stabilizing conformation 2 and thereby facilitating CoA binding (see Figure 6D) . Consistent with the proposed roles of these three residues is the observation that Ala substitution has little or no impact on k 1 but reduces k 2 by 100 to 800-fold (Table 3) .
The CBL Catalytic Mechanism. The CBL catalyzed formation of 4-CB-CoA is partitioned into two partial reactions (Figure 1) , the first of which activates the 4-CB carboxylate group for the acyl transfer to CoA that takes place in the second partial reaction. The biochemical method of carboxylate group activation is nucleotidylation (or phosphorylation), a process in which a negatively charged carboxylate group undergoes nucleophilic attack at the phosphorus atom of a negatively charged phosphoryl group. The enzyme that catalyzes this type of reaction must employ electropositive groups to orient the carboxylate and phosphoryl groups for in-line attack, and to shield their point charges which, upon close encounter, would otherwise lead to unfavorable charge-charge interaction. The structural data reported in the accompanying paper (17) together with the CBL mutant kinetic data reported in this paper suggest that the catalytic residues which function in these two roles are Lys492 of the C-terminal domain, and His207 and Thr307 of the N-terminal domain (see Figure 8) . The leaving group of the nucleophilic substitution reaction is PP i . The energy of this leaving group is reflected by the pK a of the ionization of monoprotonated PP i to the tetraanion, which is 9.3. The departure of PP i could be facilitated by acid catalysis. The Mg 2+ cofactor (which is seen in the structure of the human medium chain acyl-CoA synthetase to form γ, -bidentate complex with ATP, positioning the PP i unit for in-line displacement) may function in this role in CBL catalysis. Such a role has strong precedent in adenylatecyclase,DNApolymeraseandRNApolymerases (33) (34) (35) . The P-loop is presumed to assist in orienting the PP i unit for displacement.
The second partial reaction involves nucleophilic attack of the CoA thiol at the 4-CB-AMP carbonyl group with displacement of AMP. The structural and mutagenesis data suggest that the AMP unit is activated for displacement via the hydrogen bonds formed between the phosphoryl group oxygen atoms and the hydroxyl groups of Thr307 and Thr161. It is striking that the CBL structures offer no hint as to the identity of specific residues that could serve to activate the 4-CB-AMP carbonyl carbon and the CoA thiol during the nucleophilic substitution step. On the other hand, the electropositive N-terminus of the R-helix (Val208-Ala220) that is directed at the reaction center may reduce the pK a of the CoA thiol (from 8.5) so that the thiolate anion is present under cellular conditions. In addition, the low energy of the AMP leaving group might facilitate concerted acyl transfer (36) thereby avoiding the formation of a tetrahedral oxyanion intermediate. The N-terminus of the R-helix (Val208-Ala220) may offer sufficient electrostatic interaction with the CdO to offset any partial charge buildup in the transition state.
The CBL catalytic mechanism is simplified through the use of several active site residues in more than a single function. Lys492 functions to activate the 4-CB carboxylate group for reaction with ATP while at the same time stabilizing CBL in conformation 1 as needed for catalysis of the first partial reaction. His207, on the other hand, functions in both partial reactions (first by activating 4-CB carboxylate group for reaction with ATP and second, by stabilizing the conformation that allows CoA to react with 4-CB-AMP) by switching between two positions in concert with the domain alternation ( Figure 6D ). Finally, Thr161 may interact with the departing PP i in the first partial reaction and with phosphoryl group of the 4-CB-AMP in the second The decrease in the microscopic rate constant that governs the conversion of CBL(4-CB)(ATP) to CBL(4-CB-AMP) in the mutant is reported in the X-fold Step 1 column, whereas the decrease in the microscopic rate constant that governs the conversion of CBL(4-CB-AMP)(CoA) to CBL(4-CB-CoA)(AMP) in the mutant is reported in the X-fold Step 2 column.
b The rate constants for the second reaction cannot be accurately constrained by time course simulation because the CBL(4-CB-AMP)(PP i) "EI" does not accumulate owing to the dramatic reduction in k1.
FIGURE 8: A depiction of the key catalytic residues and the role that they play in the adenylation step and/or the thioesterification step.
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Domain Alternation and Residue Multitasking: A Common Strategy Among Members of the Acyl-adenylate Forming
Superfamily? CBL is the first member of the acyl-adenylate forming superfamily to be observed via X-ray crystallographic analysis in the two domain-domain orientations (viz. conformer 1 and 2; Figure 2 ) that support catalysis of the two partial reactions which culminate in the conversion of a carboxylate metabolite to a thioester at the expense of ATP. The ping-pong kinetic mechanism observed for CBL can be understood within the structural changes that accompany the switch between conformers as required for catalysis of both partial reactions. The ping-pong kinetic mechanism has been reported for other family members and this suggests that they too employ domain alternation to catalyze the conversion of their carboxylate substrate to a thioester. Might they, like CBL, also use active site residues in more than one function? It is noteworthy that even though the acetyl-CoA synthetases utilize a Trp residue in place of the CBL His207 (as needed to help orient the acetate by filling the space of an otherwise too large pocket) the Trp residue switches its position as the acetyl-CoA synthetase switches from conformation 1 observed in the X-ray structure of the yeast acetyl-CoA synthetase (12) to conformation 2 observed in the X-ray structure of the bacterial acetyl-CoA synthetase (4) .
The acyl-adenylate forming superfamily is an especially successful superfamily as evidenced by the large number of its members, and by the adaptation of the catalytic scaffold execute numerous, diverse biochemical functions. We believe that this success can be attributed to the efficiency in the utilization of the N-terminal domain to provide the binding sites for the three substrates and the C-terminal domain to provide the residues that serve to desolvate the respective catalytic sites, and to bind the two pairs of reactants. As we have observed with CBL, certain residues on the N-terminal domain and on the C-terminal domain are recruited to perform specialized functions in the catalysis of both partial reactions. This, and the timed alternation of the surfaces of the C-terminal domain to modify a single catalytic pocket for the two sequential half-reactions, suggests the honing of the collaboration between paired domain surfaces in catalysis. The picture of CBL catalysis that we have presented in this paper is no doubt only a "scratch on the surface" of an intricate web of interactions between residues that orchestrate the timing of domain-domain interface switches to keep in step with the rate of the respective chemical reactions. Future work will focus on the CBL domain-domain linker as it may play a pivotal role in domain alternation.
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